Abstract: It is shown how a simple theoretical approach can be used for the investigation of electro-organic reactions. Mononitroimidazoles and mononitropyrazoles were studied by the semiempirical MNDO-PM3 molecular orbital method. The electrochemical reduction potentials of diazoles have been correlated with the energy of the lowest unoccupied molecular orbital (LUMO). It was found that an admirable correlation could be obtained by the introduction of simple structural descriptors as a correction to the energy of the LUMO. The interaction of a molecule with its surrounding depends on electrostatic potential and on steric hindrance. Most of these steric effects are taken into account using two parameters having a very limited set of integer values. The first (b) is the position of a ring substituent regarding ring nitrogens, which accounts for the different orientations of dipole moments and for the different shape of the electrostatic potential. The second (structural) parameter (t) is the type of the ring, which accounts mostly for different modes of electrode approach, and for different charge polarization patterns in two diazole rings. The extended correlation with E LUMO , b and t, is very good, having a regression coefficient r = 0.991. The intrinsic importance of b and t is exemplified by their high statistical weight.
INTRODUCTION
Nitro compounds have attracted the attention of electrochemists from the first days of polarographic investigations. The first synthesized nitro compound was nitrobenzene, which was synthesized by the Mitscherlich reaction 1 in 1884, and it was also the first organic compound studied by the polarographic technique. [1] [2] [3] After the year 1925, many organic, especially nitro compounds, have been studied electrochemically [2] [3] [4] [5] [6] and for many of them the mechanisms of their reduction were explained. Since many nitrodiazoles are pharmaceutically active compounds, the understanding of the reduction process of these compounds is crucial for basic medicinal chemistry, as well as for the pharmaceutical industry. From the very beginning, these compounds have found many applications. They have been used as chemotherapeutics (antibacterial, antitrichomonal and antihistomonal (antiriprotozoal) agents 6 ) and as radiosensitizers in medical practice. The capability of nitrodiazoles to bind to DNA and block their replication 4, 7, 8 could have many applications in antiviral therapy.
The differences in the electrochemical behaviour of nitropyrazoles and nitro imidazoles are explained by different sequences of electron/proton transfer steps during the reduction process. The reasons for these differences are beyond electrochemistry and can be explained by the different electronic structure of pyrazoles and imidazoles. The macroscopic electrochemical reduction potential is a complex balance of inductive, steric and solvation effects. Inductive effects are well described by the LUMO energy. Correlation of the measured potentials with the LUMO energy is fairly good, but not good enough for quantitative predictions.
THEORETICAL BACKGROUND
A simple electroorganic reaction is a heterogeneous process involving three different steps: adsorption, electron-transfer, and desorption. The most important step in the process is the electron transfer. The electron transfer occurs between an organic molecule adsorbed at the electrode and the electrode itself (the cathode in the case of a reduction process). The molecular orbital picture of electron transfer describes it as a process in which the organic molecule attains a transitory state at the electrode due to an electron transfer from the electrode to the lowest unoccupied molecular orbital (LUMO) of the molecule. 5 The rate of electron transfer depends on the coupling of the electronic states of all molecules involved, and on nuclear fluctuations necessary to bring these states into resonance. 9, 10 Theories which deal more quantitatively with electron transfer, adiabatic or non-adiabatic, are described elsewhere. [9] [10] [11] It is important to stress that in organic electrochemical reactions and in biochemical processes, a strong coupling between electron and proton transfer 2, 6, 10, 11 occurs, and these couplings make the reduction mechanism much more complex.
The electroactivity of mononitrodiazoles is ehnanced by the presence of a nitro group on the diazole ring. The structures of nitrodiazoles are presented in Scheme 1. The reduction of mononitro diazoles is a four-electron process, in which the nitro group is transformed to a hydroxylamine group (Eq. (1)). When the nitro group is the electroactive group on the diazole ring, the replacement of one ring aliphatic substituent with another aliphatic group does not change the value of the half-wave potential. [2] [3] [4] [5] [6] ArNO 2 + 4 e -+ 4 H + ® ArNHOH + H 2 O
The general stoichiometry of the electrochemical reduction of all diazoles is the same, and is given by Eq. (1), but the sequences of the elementary steps in the electro-chemical reduction 1 of pyrazoles and imidazoles are considered to be different. In the case of alkylnitro pyrazoles, prior to the rate-determining step of the reduction, two electrons and three protons have to be transferred. The sequence in the reduction steps of alkylnitro pyrazoles is H + , e -, H + , H + , e -, 2e -, H + ; but in the case of alkylnitro imidazoles, the sequence is H + , H + , e -, H + , e -, 2e -, H + . It is important to stress that N-unsubstituted nitroazoles have an additional acid-base equilibrium, which affects the different steps in the reduction process regarding the substituted derivatives. 2 
METHOD
Mononitrodiazoles were investigated by semiempirical molecular-orbital methods using the program package MOPAC 7.01. 12, 13 The PM3 method [12] [13] [14] [15] was used for optimising all the structures in the neutral form and all possible protonated forms of the bases. The PM3 method was developed by Stewart in 1989 as an improvement to the MNDO-AM1 method, changing the optimisation technique for parameterisation and fitting to a much more extensive database of physical properties, with the emphasis on nitro compounds. For the calculation of the energy of the LUMO, a CI calculation was included, involving the active space of two frontier orbitals.
The MO parameters for MNDO-PM3 were optimized so as to reproduce the experimental heat of formation (i.e., the standard enthalpy of formation, D f H, or the enthalpy change to form a mole of compound at 25 ºC (298 K) from its elements in their standard state), as well as observed geometries (mostly at 25 ºC). 9 All molecular structures were optimized according to the PM3 force field in vacuum. For the geometry optimization in a polar medium, the solvent was modelled as a dielectric continuum (COSMO model) 12, 13, 16, 17 with a dielectric constant for water of 78.4. (The solvent is treated as a perturbation of the gas phase system.) A significant difference between the optimized structures in the gas phase and in the solution has been found.
The MO parameters for MNDO-PM3 are optimized so as to reproduce the experimental heat of formation (i.e., the standard enthalpy of formation or the entalpy of change to form a mole of compound at 25 ºC (298 K) from its elements in their standard state), as well as observed geometries (mostly at 25 ºC). 13 Tables I, II and III show that diazoles with a nitro group in position 4 of the ring are the most stable. The data also show that all the imidazole derivatives are more stable 2, 4, 6, 18 than the corresponding pyrazoles. The calculated data were compared with the experimental data obtained at pH 6.1, because at this pH all molecules are in their neutral form (non-ionic). The agreement with the experimental results was excellent, 2, 7 confirming that the semiempirical PM3 method is reliable for the optimisation of organic molecules.
RESULTS AND DISCUSSION
The measured half-wave potentials are summarised in Table IV . It should be noted that unsubstituted diazoles could undergo hydrogen exchange between the nitrogen atoms in the ring (Scheme 1). Therefore, the 5-and 4-nitroimidazoles could not be distinguished on the electrode. The same applies with 5-and 3-nitropyrazoles. For the correlations, the more stable calculated structures were used, i.e., 5-nitropyrazole and 4-nitroimidazole. The energy of the lowest unoccupied MO is considered to be the major feature of the electronic structure which is important for the reduction process. For all nitrodiazoles, the LUMO is heavily localised on the nitro group. The correlation between the LUMO and the half-wave potential of different nitrodiazoles (Figure 1) shows the well known linear dependence, as in many similar correlations published elsewhere. 14, 15, [19] [20] [21] The straight correlation of the experimental E 1/2 to the calculated E LUMO is rather poor ( Fig. 1 ; r = 0.885, constant = -1.597, coefficient = -1.632). The different molecular structures of the various nitrodiazoles (imidazoles and pyrazoles) may influence processes such as adsorption, solvation and orientation at the electrode. These processes precede the electron transfer step and affect the half-wave potential. In order to improve the correlation and account for structural differences between the various nitrodiazoles, the reduction potential was corrected by two topological parameters (Eq. (2)). These parameters address the steric and electronic differences of the various nitrodiazoles. 1-Ethyl-4-nitropyrazole -0.525 * Values were reported in references 2, 7 and 27 + The half-wave potential was measured using a mercury dropping electrode (DME) as the working electrode and a saturated calomel electrode (SCE) as the reference electrode. The measured potential was corrected to the value of the reduction potential of a Tl 2+ salt in the same buffer. This procedure is a standard procedure in organic electrochemistry (see Zuman and Dumanovi}). 2, 6, 18 The parameter b reflects the environment of the nitro group regarding its position in the ring, and has different values for the three possible situations: b = 2 when the nitro group is in the neighbourhood of the pyrrolic nitrogen; b = 1 when the nitro group is in the neighbourhood of the pyridinic nitrogen and b = 0 when the nitro group is not in the neighbourhood of the ring nitrogen.
Consequently, for 2-nitroimidazole, where the nitro group is in the neighbourhood of both ring nitrogens: b = 2 + 1 = 3. Since only the nitro group is electrochemically active, this descriptor must diminish the difference due to the different positions of the nitro group on the diazole ring.
Parameter t simply denotes the ring type. It is equal to zero for one ring type and non-zero for the other one. The following values were used: t = 1 for the pyrazole ring, and t = 0 for the imidazole ring.
A reversed choice would do equally well. This t parameter is related to the already mentioned difference in the sequence of the electrode reactions of pyrazoles and imidazoles.
Using these descriptors, a corrected half-wave potential (the last column in Table V) was calculated according to the following equation obtained by multilinear regression analysis (r = 0.991, Fig. 2 ).
When the topological parameters are taken into account, the correlation is significantly improved (Fig. 2) , as confirmed by the high value of the regression coefficient (r = 0.991).
It must be emphasized that the b parameter includes different effects, which could influence the mode of the approach of a molecule to the electrode, such as molecular electrostatic potential, the key parameter determining the orientation of molecules to the electrostatic potential, and the adsorption process. The steric parameters from the Hammett equations 23, 24 are also implicitly included in this parameter.
Equation (3) also shows that the weights of all the selected parameters are remarkably similar. This means that the selected topological parameters have a definite physical significance. The intrinsic importance of b and t is exemplified by their high statistical weights. The necessity of using coupled b and t parameters could be rationalized on the basis of alternating charge polarizations 25 in diazoles ring. The two nitrogens in the imidazole ring induce the same kind of charge polarizations on the ring carbon atoms and on the ring substituents, in contrast to the TABLE V. Continued pyrazole ring, where the two nitrogens induce opposite charge polarizations on other atoms in the molecule. It is important to stress that for a precise molecular description of the electrochemical behaviour of nitrodiazoles, especially of their halogenated derivatives, more theoretical work would be needed.
CONCLUSION
The electrochemical reduction of nitrodiazoles is a four-electron process with different sequences of the electron and proton steps for imidazoles and pyrazoles. These differences are caused by the different electronic structures of pyrazoles and imidazoles. In order to improve the correlation between the energy of the LUMO orbital and the half-wave potential, the potential was corrected by two topological parameters having a small set of integer values. The first (b) compensates for the differences caused by the different position of the nitro group on the diazole ring, and the second topological parameter (t) compensates the differences in the type of the ring. The correlation was significantly improved with these corrections indicating that these parameters have a physical background related to the structure of the molecule.
U ovom~lanku je pokazano kako se prost teorijski pristup mo`e primeniti kod prou~avawa elektroorganskih reakcija. Prou~avali smo mononitroimidazole i mononitropirazole pomo}u semiempirijske MNDO-PM3 molekulsko-orbitalne metode. Elektrohemijski redukcioni potencijal diazola je korelisan sa energijom najni`e nepopuwene molekulske orbitale (LUMO). Na|eno je da se dobija izvrsna korelacija uvo|ewem prostih strukturnih deskriptora kao korekcije za LUMO energiju. Interakcija molekula sa okolinom zavisi od elektrostati~kog potencijala i sternih smetwi. Ve}ina ovih sternih efekata je uzeta u obzir kori{}ewem dva parametra koji imaju vrlo ograni~en skup celobrojnih vrednosti. Jedan (b) je polo`aj supstituenta na prstenu u odnosu na azotove atome prstena,~ime se vodi ra~una o razli~itim orijentacijama dipolnih momenata i o razli~itom obliku elektrostati~kog potencijala. Drugi (strukturni) parametar (t) jeste tip prstena,~ime se ura~unava uglavnom razli~it na~in prilaska dva diazolska prstena elektrodi, kao i razli~ita polarizacija naelektrisawa u wima. Pro{irena korelacija sa E LUMO , b, i t, veoma je dobra, sa regresionim koeficijentom r = 0.991. Su{tinski zna~aj b i t je iskazan kroz wihovu veliku statisti~ku te`inu. 
